Introduction
[2] In the subarctic North Pacific, mesoscale eddies have significant impacts on the heat, freshwater, macro-and micro-nutrient, and biota exchanges between shelf and offshore regions and thus play an important role in the productivity of the offshore region Whitney et al., 2005; Crawford et al., 2007; Ueno et al., 2010; Ikenoue et al., 2012] . For example, Haida, Sitka, Yakutat, and Alaskan Stream eddies affect water exchanges between the shelf and offshore regions by trapping coastal water in their interiors and propagating offshore. These eddies also interfere with the slope circulation and result in cross-shelf flow [Okkonen et al., 2003; Crawford, 2005; Ladd et al., 2005; Janout et al., 2009; Ueno et al., 2009] .
[3] Rovegno et al. [2009] observed an anticyclonic eddy southwest of Kodiak Island in September 2007 and reported that this eddy contained warm core water with relatively uniform temperature-salinity (TS) relations near the eddy center. Their analysis of satellite altimeter data as well as hydrographic data indicated that this eddy originated near the Kenai Peninsula and propagated southwestward along the Alaskan Stream. They thus called it a Kenai eddy. The formation region of Kenai eddies ($150 W) is between the formation regions of Yakutat ($143 W) and Alaskan Stream ($160 W) eddies. A more recent study [Lippiatt et al., 2011 ] investigated macro-and micro-nutrients in and around a Kenai eddy based on the data obtained in September 2007 [Rovegno et al., 2009] and indicated that the Kenai eddy drove biological productivity in the western Gulf of Alaska via water exchange between the shelf region and the offshore region.
[4] In summer 2009, we observed the same eddy as the one observed in September 2007 by Rovegno et al. [2009] . Observations were made on board the T/S Oshoro-maru and the R/V Hakuho-maru and by two Argo floats deployed near the center of the eddy at different times. In this paper, we discuss the propagation and modification of the Kenai eddy through analysis of satellite altimeter data and hydrographic data obtained by the Oshoro-maru, Hakuho-maru, and Argo floats.
Data and Method
[5] We used temperature and salinity data obtained by the T/S Oshoro-maru in June 2009 ( Figure 1a ) and temperature, salinity, and oxygen data obtained by R/V Hakuho-maru in August 2009 (Figure 1b) . Observations by the Oshoro-maru were performed with a conductivity-temperature-depth profiler (CTD) and an expendable CTD (XCTD), and observations by the Hakuho-maru were performed with a CTD and a CTD-dissolved-oxygen sensor (CTDO). CTD observations by the Hakuho-maru include observations using a movingvessel profiler (MVP), which obtains hydrographic data with fine horizontal resolution. Since there was a bias in MVP salinity data, we corrected the data using ship-based CTDO data, which were calibrated with IAPSO standard seawater. DO data obtained by the CTDO on board the Hakuho-maru were calibrated with bottle-sampled data. All CTD, CTDO, and XCTD data were analyzed after 10-m box-averaging in the vertical direction to remove small-scale fluctuations.
[6] In addition to Oshoro-maru and Hakuho-maru data, we used temperature and salinity profiles recorded by Argo floats [Argo Science Team, 2001] around the Alaskan Stream from December 2006 to July 2011 (five Argo floats, see Figure 2 ). The real-time quality-controlled float data were downloaded from the FTP site of the Argo Global Data Assembly Center. From these data, defective temperature and salinity profiles, such as those with measurements flagged as bad and those lacking intermediate layers for certain depths, were eliminated following the procedures of Oka et al. [2007] .
[7] We also used delayed-time maps of sea level anomalies (SLA) of a merged-altimeter satellite product distributed at 7-day intervals by AVISO [Collecte Localisation Satellites, 2011] . The spatial resolution of the SLA data was 1/4 Â 1/4 , and we used the data for the period December 2006 to July 2011. The weekly spatial mean state of the subarctic North Pacific north of 45 N, except for the marginal seas, was removed from each weekly map of the SLA to compensate for seasonal steric effects.
[8] Eddy tracking was performed using the Okubo-Weiss parameter W [Okubo, 1970; Weiss, 1991] calculated from SLA data assuming geostrophy. We defined the area of W < À2 Â 10 À12 s À2 as an eddy area following Chelton et al. [2007] and tracked the eddy in the same manner as Henson and Thomas [2008] and Inatsu [2009] . To determine the relative locations of Argo float observations in and around the eddy, we evaluated the radius of the eddy (R eddy ) assuming a radially symmetrical eddy whose area corresponded to the eddy area. The eddy centers were calculated as the geometrical mean of the eddy area. We defined the same three regions as used by Ueno et al. [2010] : (1) inner-eddy (D < 0.5 R eddy ), (2) outer-eddy (0.5 R eddy < D < R eddy ), and (3) periphery of eddy (R eddy < D < 2R eddy ), where D is the distance from the eddy center. Note that center locations estimated from altimeter data can give errors of >50 km due to data resolution and eddy propagation [Ladd et al., 2005 [Ladd et al., , 2007 .
3. Propagation and Modification of a Kenai Eddy: Satellite Altimeter Data Analyses [10] Figure 5 shows time series of longitude, westward propagation speed, SLA, and area of Kenai 2006. Westward propagation speed ranged from À0.8 to 5.0 km day À1 and was 1.8 km day À1 on average, which is similar to the propagation speeds of the Sitka, Yakutat, and Alaskan Stream eddies along the Alaskan Stream ranging from À0.5 to 7.0 km day À1 with an average of 2.0 km day À1 [Ueno et al., 2009] . Ueno et al. W [Reed et al., 1986 [Reed et al., , 1987 Stabeno and Hermann, 1996; Stabeno et al., 2004] altimeter data. This observation revealed that Kenai 2006 held water warmer than 6 C in the density range of 25.8-26.5s q near the eddy center just after its formation (Figure 6a ). Similar TS profiles were observed in the outer-eddy area on 11 January 2007 (blue triangles in Figure 6a ), suggesting that relatively uniform warm water was distributed in the eddy area as defined using the Okubo-Weiss parameter. This water, which would be the original core water that Kenai 2006 gained at formation, was warmer than the core water observed by Rovegno et al. [2009] in September 2007, which was characterized by a subsurface temperature maximum (Tmax) of 5.5-5.8
C at 26.4-26.6s q . (Figure 2a) by Argo float (a) and indicated that a strong temperature inversion formed between 25.9s q and 26.5s q in the outer-eddy area (blue triangles with plots of 4.0 C at 25.9s q and >5.5 C at 26.5s q in Figure 6b ). The Tmin density of 25.9s q corresponded to the climatological winter-mixed-layer density in the northwestern Gulf of Alaska [Suga et al., 2004] [15] Properties in the periphery of Kenai 2006 in May-July 2007 varied from those similar to eddy core water (dots with Tmax warmer than 5.5 C in Figure 6b ) to those similar to basin water (dots with Tmax colder than 5.5 C in Figure 6b ). This is probably because of uncertainty in eddy location determination from satellite altimeter data [Ladd et al., 2005 [Ladd et al., , 2007 . The trajectories of Argo floats (a) and (b) show a kind of eddy-like feature (Figures 2a and 2b) . However, it was difficult to estimate eddy location from these trajectories because their resolutions were low compared with the eddy scale. The parking depth (1000 dbar) of Argo floats (a) and (b) might also make it difficult to estimate the eddy location from the trajectory data.
Observations in Summer 2009 4.2.1. Oshoro-maru Data Analysis
[16] Figure 7a shows an east-west potential temperature section of Kenai 2006 obtained by the Oshoro-maru in June 2009 (see Figure 1a) . At 168.25
W (red open circle in Figure 7 ), a subsurface temperature maximum (Tmax) of 5.4
C was observed at 170 m depth and 26.5s q . This Tmax water was similar to that in the eddy core in September 2007 (5. 5-5.8 C at 26. This result is consistent with findings that the climatological winter-mixed-layer density and temperature around the observation areas of Rovegno et al. [2009] and the Oshoromaru were 26.0-26.2s q and 3-4 C, respectively, and were denser and colder to the west. On the other hand, the Tmax water at 168.25 W was similar to that in September 2007 as mentioned above. This indicates that winter surface cooling hardly modified the Kenai 2006 core water characterized by Tmax.
[18] The Oshoro-maru cruise also observed a hydrographic structure that was different from that found by Rovegno et al. [2009] . At 169
W (blue open triangles in Figure 7 ), temperature decreased by 1.5 C from 26.5 to 26.7s q , forming a Tmin around 26.7s q . Since the Tmin formed by winter surface cooling was located at 26.1s q , we propose that the observed hydrography was created by other mechanisms, such as lateral intrusion of cold water. Since TS relations at 169 and 169.8 W were similar at the densities of cold water intrusion, we speculate that this cold water originated from the basin water outside the eddy (e.g., water at 169. Figure 1a. 
Hakuho-maru Data Analysis
[20] The Hakuho-maru observed Kenai 2006 in more detail using CTD, CTDO, and MVP. Along the observation (Figure 8 ). This is probably because the Hakuho-maru observation line was closer than the Oshoromaru observation line to the center of Kenai 2006 (Figure 1 ). In the eddy core area of 51 -52 N, waters warmer than 5 C and colder than 4.5 C were patchily observed, suggesting the modification of core water as described below.
[21] During the Hakuho-maru cruise, CTDO observation was conducted twice at an observation station, with a deep cast (0-2000 dbar: solid symbols in Figures 8 and 9 ) and a shallow cast (0-600 dbar: open symbols in Figures 8 and 9) , to obtain vertically high-resolution bottle-sampled data. TS relations of deep and shallow casts at each station were mostly similar, but those at 51.5
N (red open and solid circles) were significantly different at densities of 26.4-26.6s q even though the horizontal distance between the two casts was just 1.5 km. Whereas a Tmax layer of 5.2-5. 4 C was observed in the shallow cast (open red circles), a Tmin layer of 4.6-4.7 C was observed in the deep cast (solid red circles). Such non-uniformity in water properties near the eddy center differs from the observation in 2007, when the TS relation was relatively uniform among eight casts near the eddy center [Rovegno et al., 2009] . The eddy core water likely lost its uniformity between 2007 and 2009.
[22] A strong Tmin layer was also observed by the Hakuho-maru and Oshoro-maru at the intermediate depth where winter surface cooling was unlikely to have formed the Tmin layer. At the 51.5 N shallow cast (red open circles in Figure 8 ), temperature decreased from 5.2 C (26.60s q and 220 m) to 4.6 C (26.66s q and 250 m) and increased to 4.9 C (26.72s q and 270 m), suggesting lateral intrusion of cold water. A strong Tmin layer was also observed at the 51 N shallow and deep casts (blue open and solid triangles) around the 26.6s q isopycnal surface. The temperature and salinity of the Tmin water were similar to those at 50.5
N (black open and solid squares), whose TS relation resembled that of transitional water discussed in Section 4.2.1. This finding suggests that the transitional water influenced by the Alaskan Stream modified the eddy core through lateral intrusions. [23] Kenai 2006 core water was also detected by dissolvedoxygen (DO) data (Figure 9 ). Previous research found that DO in the coastal region of the Gulf of Alaska, where Kenai 2006 formed, was lower than that in the deep-sea region of the subarctic North Pacific [Whitney et al., 2007] . We examined the DO data obtained by the Hakuho-maru ( Figure 9 ) and found that DO values obtained at the 51.5 N shallow cast (red open circle) and the 51.0 N shallow and deep casts (blue triangles) were lower than values obtained at the other CTDO casts at densities of 26.4-26.6s q . This low-DO layer corresponds to the Tmax layer, which suggests that warm and low-DO original core water was carried from south of the Kenai Peninsula to south of the Aleutian Islands along the Alaskan Stream for two and a half years.
[24] In addition to the transport of original core water, modification of the core water was also indicated by the DO data. At the 51.5 N shallow cast (red open circle) and the 51.0 N shallow and deep casts (blue triangles), high-DO water intrusion was observed at densities of 26.65s q and 26.6s q , respectively. The DO value of this high-DO intrusion was almost the same as the DO values at 50.5 N, indicating that water surrounding the eddy core intruded to the eddy core. This intrusion corresponds to the cold Tmin water intrusion noted in the previous paragraph, supporting the hypothesis obtained by TS relation analysis that water in the southern rim of the eddy influenced by the Alaskan Stream modified the eddy core through lateral intrusions. (Figures 2a and 10c) . Water in Kenai 2006 in June-July 2010 was colder than that observed from October 2009 to January 2010 at densities between 26.0s q and 27.0s q (Figures 10b and 10c) . Winter surface cooling would account for cooling at densities shallower than 26.4s q (the climatological winter mixed layer density in this area) [Suga et al., 2004] . Cooling at densities deeper than 26.4s q suggests strong mixing or water exchange in Kenai 2006 due to eddy decay during this period. However, it is also possible that this cooling was a result of errors in the determination of eddy location from altimeter data, since only three profiles were obtained in Kenai 2006 during this period. [30] Although water mass modification of a Kenai eddy was investigated for the first time in this study, water mass changes in other eddies formed in the Gulf of Alaska have been studied. Chierici et al. [2005] studied changes in water properties of a Haida eddy for a year and indicated that the TS relation of the eddy showed little temporal change in waters below 100 m in the eddy center during its first year. Ladd et al. [2007] investigated water property change in a Sitka eddy for one and one half years and indicated that heat and salinity anomalies became less than half in a year and less than one third in a year and a half. Although a cold-water intrusion was not observed in the Haida eddy [Chierici et al., 2005] , fluctuation in the TS relation, which was similar to that in Kenai 2006, was observed in the Sitka eddy [Ladd et al., 2007] , suggesting that Sitka core water was modified by mechanisms similar to those in Kenai 2006. However, a more comprehensive study is necessary for detailed understanding of core water modifications in eddies formed in the Gulf of Alaska.
Summary

